A theoretical analysis of dipolar recoupling with a windowless multipulse irradiation ͑DRAWS͒ is presented. Analytical expressions that describe the degree to which the DRAWS pulse sequence recouples the dipolar interaction as a function of offset and spinning rate are derived using Floquet theory. Numerical methods are used to assess the performance of DRAWS in the preparation and detection of multiple quantum coherence. Simulations indicate that the mutual orientation of two or more CSA tensors can be obtained with high accuracy from double quantum spectra prepared and detected by DRAWS irradiation ͑DQDRAWS͒. These expectations are born out by experiment and in particular, the mutual orientation of three 13 C CSA tensors in selectively labeled 2Ј-deoxythymidine are determined from DQDRAWS data. The results of the DQDRAWS analysis of CSA tensor orientation in 2Ј-deoxythymidine are shown to be in excellent agreement with results obtained by conventional methods. Using these CSA tensor orientations and an independent measurement of internuclear distance, a practical strategy is proposed and executed for deriving the mutual orientation of purine and pyrimidine bases in a DNA dodecamer from DQDRAWS data. The DQDRAWS method for determining the mutual orientation of rigid bodies in macromolecules is compared and contrasted to distance-based methods.
I. INTRODUCTION
Multiple quantum NMR transitions are coherent superpositions of Zeeman states that violate the dipolar selection rule: ͉⌬m͉ϭ1. Observed over forty years ago in the saturated, continuous wave, high-resolution NMR spectra of liquids, [1] [2] [3] multiple quantum transitions are now most commonly prepared and detected by multidimensional methods. 4 In high-resolution NMR, multiple quantum pulse sequences are familiar components of experiments intended to elucidate the solution structure of biological macromolecules. 5 Multiple quantum spectroscopy has recently been incorporated into magic angle spinning ͑MAS͒ experiments where the preparation of multiple quantum coherence is complicated by the fact that high speed spinning at the ''magic angle,'' which removes the anisotropic chemical shift and heteronuclear dipolar couplings, removes to lowest order the homonuclear dipolar interactions as well. [6] [7] [8] Under MAS conditions multiple quantum coherence may be prepared by placing the coupled spins in rotational resonance. [9] [10] [11] [12] [13] [14] Alternatively, multipulse dipolar recoupling techniques have been used to prepare double quantum coherence with varying degrees of success. For example, Meier and Earl applied a multiple quantum ''time reversal'' pulse sequence during MAS to prepare proton multiple quantum coherence in adamantane. 15 In many cases, double quantum coherence has been used as a spectral filter, where only single quantum transitions arising from coupled spins are detected once coherence is transferred through a double quantum stage. 16 Such studies have demonstrated that double quantum coherence can be very efficiently prepared during MAS under certain circumstances. For example, using first order rotational resonance, Nielsen et al. 17 demonstrated preparation of double quantum coherence with 50% efficiency in doubly 13 C-labeled zinc acetate. Tycko and co-workers used DRAMA 18 and a DRAMA 19 supersequence to achieve double quantum filtered 13 C spectra in a number of oligopeptides. Other novel dipolar recoupling pulse sequences including C7 20 and DRAWS 21 have been used to produce double quantum filtered spectra.
Structural information may be obtained from an analysis of the sidebands intensities of a multiple quantum MAS spectrum. The intensities of the fundamental peak of the double quantum spectrum of two coupled spin-1/2 nuclei and the attendant side bands, contain information on the internuclear distance, as shown by the proton double quantum experiments of Spiess and co-workers. 22, 23 In addition, information on the mutual orientation of the chemical shift tensors and the orientation of the internuclear vector relative to the principal axis systems of the CSA tensors of the two spins can be obtained even in situations where neither single crystals nor aligned samples of any kind are available. Furthermore, unlike rotational resonance which is spectrally selective, multiple quantum techniques can determine CSA tensor orientations over a broad spectral range.
The purpose of this paper is to provide a theoretical de-scription of the preparation and detection of multiple quantum coherence in systems of dipolar coupled spin-1/2 nuclei in rotating solids using a windowless dipolar recoupling pulse sequence ͑DRAWS͒. 24 Numerical calculations of and analytical expressions for the intensities of the fundamental and the sideband transitions of the double quantum spectrum of two coupled spin-1/2 nuclei will be presented and the degree to which such spectra provide detailed structural information in nucleic acids will be considered. By way of example, the orientation of three 13 C CSA tensors in 2Ј-deoxythymidine will be determined from double quantum DRAWS ͑DQDRAWS͒ data. It is then shown how these tensor orientations, together with an independent measurement of internuclear distance, can be used to determine the mutual orientation of pyrimidine base planes in an isotopically-labeled DNA dodecamer using DQDRAWS.
II. THEORY
Here we derive using Floquet theory [25] [26] [27] [28] [29] and second order perturbation theory, the theoretical basis for dipolar recoupling with the DRAWS pulse sequence. The degree to which DRAWS is useful for preparing and detecting double quantum coherence will then be described using numerical methods.
A. The DRAWS Floquet Hamiltonian
We are interested in calculating the degree to which the dipolar Hamiltonian is recoupled as a result of irradiating an ensemble of dipolar-coupled spin-1/2 pairs with the DRAWS pulse sequence shown in Fig. 1 . The calculation begins with the definition of the spin interaction MAS Hamiltonian
where
and
The fictitious spin-1/2 angular momentum operators 37, 38 I k iϪ j are defined using a ''strong coupling'' basis set:
In Eq. ͑1͒ the definitions ⌺ (t)ϭ I (t)ϩ S (t) and ⌬ (t) ϭ I (t)Ϫ S (t) have been used. The time-dependent chemical shifts for spins I and S, I (t) and S (t), and the timedependent dipolar interaction D (t) are expressed as Fourier expansions in R , the spinning rate:
In Eqs. ͑3a͒-͑3c͒ all symbols have their usual definitions. The dipolar coupling constant is defined as
where ␥ I and ␥ S are the magnetogyric ratios of spins I and S, respectively, and 0 is the free space permeability. frame to the goniometer frame, and ( R t,,0) relate the goniometer frame to the laboratory frame. In an MAS experiment it is assumed that ϭcos
Ϫ1
(1/)). The DRAWS Hamiltonian is calculated in an interaction frame defined by the transformation U rf (t)ϭe ϪiH rf (t) . In practice, the DRAWS pulse sequence shown in Fig. 1 is used, but in the calculation that follows, a slightly simplified DRAWS sequence is assumed in which the phase-alternated 360°pulses are replaced by continuous single phase irradiation. Under these conditions, the interaction frame Hamiltonian H (t) has the form
In Eq. ͑4͒ it is assumed that the rf has been selected such that the offset of spin 1's isotropic peak from resonance ⌬ 1 ϭϪ⌬ 2 , the offset of the isotropic peak of spin 2. This assumption results in ⌺ (t)ϭ0. The coefficients a p i j (t) for the dipolar terms in the DRAWS interaction frame Hamiltonian are shown in Fig. 2 
and expressing z 0 12 and z 0 13ϩ23 in terms of 8 D and 4 D , we obtain in the limit R Ͼ⌬Ͼ D the effective Hamiltonian for DRAWS:
The recoupled dipolar interaction H eff D is represented by the first two terms in Eq. ͑9͒. The scaling of the recoupled dipolar interaction is the ratio of the magnitude of the recoupled dipolar interaction to the magnitude of the static dipolar interaction. In general the recoupling is dependent upon orientation so to estimate the dipolar scaling it is useful to calculate the orientationally averaged matrix norm of the recoupled dipolar Hamiltonian ʈH eff D ʈ which has the form
The matrix norm given in Eq. ͑10͒ can be used to calculate a dipolar scaling parameter for DRAWS:
. ͑11͒
In the fast spinning limit, Eq. ͑11͒ indicates a dipolar scaling of about 0.36, and a weak dependence on offset. Both results have been predicted by numerical calculations and observed experimentally.
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C. Preparation, evolution, and detection of multiple quantum coherence using DRAWS During the double quantum preparation period, DRAWS irradiation is applied synchronously with the sample spinning, and so the preparation time is equal to an integral number of rotational cycles, i.e., ϭN C ϭNϫM ϫ R ϭNϫM ϫ(2)/ R . Assuming that the initial density operator has the form (0)ϭÎ Z ϩŜ Z ϭ2Î X 1Ϫ3 , the efficiency of double quantum preparation by DRAWS irradiation is given by
where m,k is the eigenvalue of the DRAWS Floquet Hamiltonian corresponding to the mth Zeeman state and the kth Floquet state. Specific structural information is obtained from individual double quantum sideband intensities, which in turn requires an expression for the evolution of double quantum coherence. Double quantum coherence, prepared by DRAWS irradiation, evolves during t 1 under the Hamiltonian
͑13͒
It is easy to show that the Floquet Hamiltonian relevant to the evolution of double quantum coherence is
The evolution of double quantum coherence under the Floquet Hamiltonian in Eq. ͑14͒ is mathematically equivalent to the evolution of an isolated spin-1/2 nucleus subjected to a shaped irradiation, described by Goelman et al. 35 As in the shaped irradiation problem, the Floquet Hamiltonian in Eq. ͑14͒ can be diagonalized analytically
The evolution of multiple quantum coherence is calculated by evaluation of the trace Tr͓U(
͔, which proceeds in a manner analogous to the calculation of the MAS spectrum of an isolated spin-1/2 nucleus
is an integral Bessel function of order n. Because t 1 is not generally incremented in integral multiples of the rotor period, the Euler angle ␥ is a function of t 1 i.e., ␥(t 1 )ϭ␥ 0 ϩ R t 1 and the Fourier components in the expansion of D (t) during the mixing period become functions of t 1 as well
When the mixing period is of duration N C the mixing dynamics can be described by the trace
which in the limit ⌬Ӷ R reduces to
͑19͒
Therefore, DRAWS irradiation during the mixing period recouples the dipolar interaction, but this interaction is now a function of t 1 so long as the length of the evolution period is not an integral multiple of the spinning period.
D. Dependence of the DQDRAWS spectrum on structure: Numerical simulations
Equation ͑18͒ means that the recoupled dipolar interaction is introduced directly into the double quantum spinning side band intensities as a result of DRAWS irradiation during the mixing period as opposed to the preparation Hamiltonian which affects only the intensity of the overall spectrum. Therefore, the individual side band intensities in the double quantum DRAWS ͑DQDRAWS͒ spectrum, as well as the integrated intensity of the DQDRAWS spectrum are affected by the details of the dipolar recoupling sequence. Even if negligible chemical shift evolution occurs during t 1 , sidebands will be observed in the double quantum spectrum as a result of the dipolar modulation predicted by Eq. ͑19͒, although no isotropic peak would be observed and only even order side bands would have nonzero intensity. This effect has been reported and exploited by Spiess and co-workers 38 who have observed at high spinning rates side-banded double quantum spectra for systems of coupled proton pairs. In addition to being sensitive to the principal values of the two chemical shift tensors and the internuclear distance, all of which can be measured by independent methods, DQDRAWS side band intensities are sensitive to five Euler angles: The three components of the solid Euler angle relating the principal axis frames of the two chemical shift tensors, and the two angles orienting the internuclear vector in a reference frame common to the two chemical shift tensors.
As an example of the degree to which DQDRAWS data elucidates local structure, consider two dipolar-coupled 13 C spins with shift tensors ͑in units of ppm͒: C1( 11 , 22 , 33 ) ϭ(242,168,91) and C2( 11 , 22 , 33 )ϭ (44, 130, 238) . Assume the two spins are separated by 2.5 Å. Figure 3 illustrates the effect on the double quantum spectrum of varying the mutual orientation of the CSA tensors of the two 13 C spins. In Fig. 3͑a͒ , the two CSA tensors begin in a collateral arrangement for which (␣,␤,␥)ϭ(0,0,0), represented by the spectrum in the top lane, and ␤ is incremented by 30°in the lower lanes. The trend in Fig. 3͑a͒ can be easily explained if we realize that for ␤ϭ0, the effective double quantum chemical shift tensor has elements ( 11 DQ , 22 DQ , 33 DQ ) ϭ(286,289,329), and so the top trace corresponds to a double quantum spectrum dominated by the anisotropy of the dipolar interaction ͓see Eq. ͑19͔͒. As ␤ is incremented from 0°the influence of the chemical shift anisotropy becomes more pronounced in the double quantum spectrum as the even order side bands and fundamental peak gradually increase in intensity. Figures 3͑b͒ and 3͑c͒ show the same effect for a different initial orientation of the shift tensors.
Equations ͑16͒ and ͑19͒, and the simulations in Fig. 3 suggest a method for determining the mutual orientation of rigid bodies within macromolecules from DQDRAWS data. For the purposes of this discussion, a rigid structure is defined as a network of covalently bonded atoms that are constrained on average, to lie at fixed coordinates relative to one another. Purine and pyrimidine bases in polynucleotides or peptide planes in polypeptides are rigid bodies in the above sense. Consider a biopolymer containing two rigid bodies that are at close proximity. Assume that located within each rigid body is a spin-1/2 nucleus with an associated CSA tensor. If each CSA tensor can be oriented relative to a frame fixed to each rigid body by a DQDRAWS experiment, which detects the mutual orientation of the two CSA tensors through the evolution of the double quantum coherent state, the mutual orientation of the two rigid bodies is also determined. This strategy will be used, in the following sections to determine the mutual orientation of pyrimidine bases in a DNA oligomer.
III. EXPERIMENTAL METHODS

A. NMR spectroscopy
All MAS experiments were performed on a home-built NMR spectrometer operating at a 13 C NMR frequency of 100.53 MHz. A 5 mm Doty Scientific MAS probe was used for room temperature experiments and a Chemagnetics 5 mm MAS probe was used for low temperature experiments. Sample spinning rate was stabilized to within Ϯ2 Hz with a home-built spin rate controller. During cross polarization, the 13 C rf level was set to 60-62.5 kHz. and the proton power level was set to achieve a Hartmann-Hahn match. 39 During the application of the DRAWS sequence the 13 C rf power was decreased to 38.5 kHz, and during the t 1 and t 2 periods the proton decoupling level was set to 100-120 kHz. 13 C pulses were delivered by a Kalmus LP1000 amplifier. Proton pulses were delivered by a Henry Radio 2004-A amplifier. A standard tune-up sequence was used to minimize pulse errors. 40 Phase cycling was used to eliminate signal which did not pass through a double quantum state during the evolution period. Two dimensional spectra were acquired in hypercomplex mode 41 and the DQDRAWS spectrum was obtained by selective projection of 2 columns.
Powder patterns were acquired on a home-built NMR spectrometer operating at a 13 C Larmor frequency of 50.3 MHz. Cross polarization fields were set to 62 kHz for both 13 Fig.  7͒ . These are, for C4, ␣ϭ84°, ␤ϭ90°, and ␥ϭ180°and for C6, ␣ϭ90°, ␤ϭ54°, and ␥ϭ90°. In the spectra below the ␤ angle of the C4 carbon has been incremented in 30°steps. ͑c͒ Same as ͑b͒ but the Euler angle ␣ is incremented in 30°steps.
125 kHz and the 15 46 Condensation of the silated base with the 3Ј,5Ј-ditoluyl chlorodeoxyribose followed by crystallization and deprotection results in the ␤-anomer of 2Ј-deoxythymidine. N-labeled ␤-cyanoethylphosphoramidites were prepared using methods described previously. 48 Singly labeled thymidine phosphoramidites were incorporated into nucleotide positions T7 and T8 in the DNA dodecamer ͓d(CGCGAAT*T*CGCG)͔ 2 with an Applied Biosystems 392 DNA synthesizer in two 10 mol batches, and were purified by methods described in a previous publication. 49 DNA samples were dissolved in a buffered, aqueous solution, and for solid-state NMR studies were cooled to Ϫ120°C in an Chemagnetics CPMAS probe using liquid nitrogen boil-off.
IV. RESULTS
A two-step strategy was used to determine the mutual orientation of pyrimidine bases in DNA from DQDRAWS. First, the 13 C2, 13 C4, and 13 C6 CSA tensors in 2Ј-deoxythymidine were oriented in a frame fixed to the pyrimidine ring. Then, from the DQDRAWS spectrum of a coupled 13 C spin pair in DNA, the mutual orientation of the CSA tensors of 13 C spins on separate pyrimidine bases and thus the mutual orientation of the pyrimidine bases was determined.
Single crystals of 2Ј-deoxythymidine could not be prepared in sufficient size for NMR study. Therefore, the orientation of the CSA tensors for the 13 C-2, 13 C-4, and 13 C-6 in polycrystalline 2Ј-deoxythymidine were obtained using a combination of static powder pattern analysis, separated local field spectroscopy and DQDRAWS. The results of the DQDRAWS analysis were checked using a combination of static powder pattern analysis, first-and second-order rotational resonance.
A. Determination of 13 C chemical shielding tensor orientations in 2Ј-deoxythymidine by powder pattern analysis, dipolar modulation, and rotational resonance
To determine the orientation of the 13 C CSA tensors of C2, C4, and C6 with respect to the local molecular frame fixed to the thymine ring, it is convenient to begin with a 13 C spin that is directly-bonded to two heterospins. The CSA tensor of that spin is then oriented relative to the two bond axes. Because the C-6 carbon in thymidine is protonated and is directly bonded to 15 N1, it was possible to perform a dipolar modulation experiment to orient the C6-H and C6-N1 bonds in the PAS of C-6's CSA tensor. 50 For the olefininc 13 C-6 carbon it is assumed that the most shielded tensor element 11 is perpendicular to the plane of the ring. 51 This assumption and the 15 N coupled data indicate that the 33 element of C6's CSA tensor makes an angle of 36°to the C6--N1 bond with 22 almost parallel to the C5-C6 bond. Figure 4 shows the data on the right and the best fit simulation on the left. A rotational resonance experiment was then used to determine the orientation of 13 C-4's CSA tensor relative to C-6's CSA tensor. Rotational resonance is insensitive to CSA tensor orientations if the chemical shift anisotropies of the labeled spins are small compared to the rotor speed. 52 However, this is not the case for 2Ј-deoxythymidine-4,6-13 C 2 even at first-order rotational resonance, ⌬ ISO ϭ R because for 13 
C4 and
13 C6 the isotropic chemical shift difference ⌬ ISO ϭ29 ppm and the anisotropies for both CSA tensors exceed 75 ppm. We were able to use this fact to our advantage since the distance, and hence the dipolar coupling strength between the two 13 C labels, is known from x-ray data. Because C-4 is a carbonyl carbon and is a member of a heterocyclic ring, its most shielded CSA tensor element 33 is assumed to be approximately perpendicular to the plane of the thymine ring. 51 The only unknown quantity was the angle ␥ which rotates the CSA tensor of C4 about the C4-N3 bond.
From the 13 C4-15 N3 coupled powder pattern experiment the angle between the 11 element of C4's CSA tensor and the C4-N3 bond was found to be 14°͑data not shown͒. Assuming 33 is orthogonal to the plane of the thymine ring, two possible orientations of C4's CSA tensor exist, corresponding to two values of the angle ␥. Figures 5͑a͒ and 5͑b͒ show the orientation of the 13 C-4 CSA tensor for ␥ϭ90°and ␥ϭϪ90°, respectively. To determine the correct value of ␥, rotational resonance data were acquired. Figure 5͑c͒ shows a 2 surface for a first-order rotational resonance experiment performed on thymidine-4,6-13 C 2 . To calculate 2 , data was compared to calculated exchange curves in which the angle ␥ and the dipolar coupling constant have been varied. The gray areas indicate the best fit between calculated data and experiment. Since the dipolar coupling constant is known to be 557 Hz, ␥ must be approximately equal to 90°. Figures 5͑d͒ and  5͑e͒ show first-and second-order rotational resonance exchange curves for thymidine-4,6- N coupled and uncoupled spectra with simulations. The orientation determined from these spectra was in agreement with the results of a rotational resonance experiment performed on thymidine-2,4-13 C 2 ͑data not shown͒. The orientations for all three 13 C tensors are shown in Fig. 7 .
B. Determination of
C chemical shielding tensor orientation in 2Ј-deoxythymidine by DQDRAWS spectroscopy
The determination of CSA tensor orientation in 2Ј-deoxythymidine using DQDRAWS is straightforward and begins in the same way as the process described in Sec. IV A. The orientation of C6's CSA tensor is determined relative to a frame fixed to the thymine ring by a dipolar modulation experiment. Then the relative orientation of the CSA tensors of C4 and C2 are determined from DQDRAWS data, first using a DQDRAWS experiment applied to 2Ј-deoxythymidine-4,6-13 C2 to determine the orientation of C4's CSA tensor to C6's CSA tensor, then applying DQDRAWS to 2Ј-deoxythymidine-2,4-13 C 2 to determine the mutual orientation of the C2 and C4 CSA tensors.
In Fig. 8 4,6-13 C 2 are shown along with calculated double quantum spectra. Double quantum spectra were calculated using the tensor orientations displayed in Fig. 7 . Agreement between theory and experiment is excellent.
To further check the consistency of the tensor orientations, the orientation of the CSA tensor of 13 C2, determined from the data in Fig. 6 , was assumed as a starting point and the orientation of the 13 C4 CSA tensor relative to the molecular frame was derived from the DQDRAWS spectrum of 2Ј-deoxythymidine-2,4-13 C 2 shown in Fig. 8 . Now the orientation of the CSA tensor of 
C. Determination of the mutual orientation of two thymine rings in ͓d(CGCGAAT*T*CGCG)͔ 2 by DQDRAWS spectroscopy
The nature of pyrimidine base stacking in a DNA dodecamer was determined from DQDRAWS data in the following manner. Forty milligrams of the DNA oligomer ͓d(CGCGAAT*T*CGCG)͔ 2 were synthesized as described in Sec. IV, with 2Ј-deoxythymidine-6- C4 internuclear distance, and the mutual orientation of the T7 and T8 pyrimidine rings, is dependent upon the hydration state of the DNA. 53 Therefore, the labeled DNA dodecamer was hydrated to a level corresponding to greater than 64 molecules of water per nucleotide, which is sufficient to produce a B-form DNA structure. To attenuate dynamic averaging of the dipolar interaction, the hydrated DNA sample was cooled to Ϫ120°C.
The 13 C6-13 C4 internuclear distance was determined using the DRAWS pulse sequence. The TOSS--deTOSS method of Green et al. was used to prepare an initial state I y ϪS y . 54 These data were used as a control to correct the I y ϩS y DRAWS data for relaxation effects and coupling to 13 C spins at natural abundance. I y ϪS y and I y ϩS y DRAWS decay data for the doubly labeled DNA dodecamer are shown in Fig. 10 and indicate a C6-C4 In all projections given in this figure, the preparation time was 1.768 ms and the rotor speed was set to R ϭ4525 Hz. ͑a͒ Experimental double quantum projection of 2Ј-deoxythymidine-2,4,- The experimental DQDRAWS spectrum of the two coupled 13 C spins labels attached to T7 and T8 in ͓d(CGCGAAT*T*CGCG)͔2 is shown in Fig. 11͑b͒ . A simulation of the DQDRAWS spectrum uses: The principal values for the CSA tensors of 13 C6 and 13 C4 ͑Table I͒, the CSA tensor orientations, and the 13 C6-13 C4 distance of 4.0 Å, derived from the DRAWS experiment described above. As an initial guess for the orientation of the thymine rings of T7 and T8, it was assumed that the DNA structure in the AATT segement is close to canonical B form. 56 The orientation of each CSA tensor relative to a frame fixed to its thymine ring was derived from the data in Fig. 7 . To calculate the Euler angles relating the two CSA tensors, an intermediate frame was defined with the z axis parallel to the C4-C6 internuclear vector. The direction of the x or y axis can be selected arbitrarily and for convenience was oriented such that ␥ϭ0°for the CSA tensor of the C4 carbon on the T8 nucleotide. Using this convention the Euler angles corresponding to a B-form structure are T7:C6 ␣ϭ8°, ␤ϭ52°, ␥ϭ162°a 9 . Sensitivity of the double quantum spectrum of 2Ј-deoxythymidine-4,6-13 C 2 to a change in the mutual orientation of the shift tensors and the uniqueness of the best fit spectrum: ͑a͒ double quantum spectrum of 2Ј-deoxythymidine-4,6-13 C 2 as a function of the angle between the 33 axis of the CSA tensor of 13 C-6 and the C6-N1 bond; ͑b͒ 2 plot for best fit spectrum to the experimental data where 2 is given by Eq. ͑20͒.
FIG. 10.
I y ϩS y and I y ϪS y DRAWS decay curves for ͓d(CGCGAAT*T*CGCG)͔ 2 , hydrated to a level of 64 water molecules per nucleotide and cooled to Ϫ120°C. The DRAWS data best match the 4.0 Ϯ0.2 Å curve, in excellent agreement with the distance of 4.20 Å, obtained from the high-resolution NMR structure, and the canonical B-form distance of 4.26 Å.
FIG. 11. Calculated and experimental DQDRAWS spectra for ͓d(CGCGAAT*T*CGCG)͔ 2 , obtained under the same experimental conditions as described in Fig. 10 . ͑a͒ DQDRAWS simulation assuming an orientation of the T7 and T8 bases found in canonical B-form DNA. ͑b͒ Experimental DQDRAWS spectrum obtained from the doubly labeled DNA dodecamer; ͑c͒ DQDRAWS simulation assuming an orientation of the T7 and T8 bases found in canonical A-form DNA. See text for details.
T8:C4 ␣ϭ355°, ␤ϭ37°, ␥ϭ0°.
The simulated DQDRAWS spectrum is shown in Fig. 11͑a͒ . Using Eq. ͑20͒ and the five most intense sidebands in Figs. 11͑a͒ and 11͑b͒, it was found that 2 ϭ0.017. For comparison, an A-form structure corresponds to T7:C6 ␣ϭ28°, ␤ϭ48°, ␥ϭ0°a nd T8:C4 ␣ϭ344°, ␤ϭ56°, ␥ϭ208°.
The simulation for the A-form structure is shown in Fig.  11͑c͒ and for this case the fit is poorer, with 2 ϭ0.054. Although the agreement between the experimental DQDRAWS spectrum and B-form simulation is very good, x-ray 56 and solution NMR 55 studies indicate that sequence specific deviations from the canonical B-form structure occur in this DNA sequence. An exhaustive search over all possible orientations and translations of these two bases is beyond the scope of this paper. However, it is possible to demonstrate that the base orientation specified by the canonical B-form structure is indeed at a local minimum in 2 space. To explore the form of the DQDRAWS spectrum as a function of local structure, the DQDRAWS spectrum of the doubly labeled DNA dodecamer was simulated as a function of the rotation of T8's base about its glycosidic bond, beginning with canonical B form and incrementing the rotation angle to a maximum of 60°. The position of T7's base is unchanged throughout the rotation series. This simple structural deviation from B form preserves the C4-C6 distance because the position of C4 on T8 is unchanged when T8 is rotated about its glycosidic bond. Although 2 increases slightly for small deviations from B form (Ͻ10°), 2 reaches a minimum value of 0.011 for glycosidic bond rotations of 20°-30°from B-form before increasing to 0.2181 for a rotation of 60°. A more thorough structural search based on DQDRAWS data will be published elsewhere.
V. DISCUSSION
The experimental results and data analysis in Sec. IV illustrate the degree to which local structure, i.e., base stacking, in DNA can be determined from DQDRAWS data using only two 13 C labels per pair of bases. It is interesting to compare and contrast the DQDRAWS-based strategy for determining structure in a biopolymer, and a nucleic acid in particular, with structural methods based solely upon distance information. To uniquely define the positions of two rigid bodies the coordinates of three atoms in each body must be defined. In principle, the set of distances ͕d i j ͖ between all spins i and j in a system can be converted to ͬ .
͑21͒
However, the expressions in Eq. ͑21͒ are ill-conditioned in the sense that small changes in the distances can produce large changes in the coordinates, 57 so in practice, more stable algorithms are used to derive coordinates from distance information. 58 Nevertheless Eq. ͑21͒ can be used to estimate the number of distances required to solve the structural problem described in Sec. IV. Suppose 1 , 2 , and 3 are the coordinates of C2, C4, and C6, respectively, in nucleotide T7, and 4 , 5 , and v6 are the coordinates of C2, C4, and C6 in T8. From Eq. ͑21͒, 12 distances would be required to define the six atomic coordinates. However, assuming d 12 , d 13 , d 23 , d 45 , d 46 , and d 56 are known, the number of distances required to determine the relative locations of the bases of T7 and T8 is reduced to six. Therefore, six 13 C labels attached to T7 and T8 and six dipolar recoupling measurements would be required to derive the structural information that the DQDRAWS/DRAWS experiments obtained from just two 13 C labels.
Other methods exist that determine structure from dihedral angle information. For example, Brenneman and Cross have described a metric method for determining the structure of polypeptides using dipolar couplings derived by solid state NMR. 59 The metric method is analogous to the distance geometry method 57, 58 in that the former method exploits the general relationships that angles between vectors must satisfy, while the latter method exploits the general relationships that distances between points must satisfy. In practice, the metric method requires oriented samples of isotopically labeled polypeptides. A manageable number of solutions for the dihedral angles describing the polypeptide secondary structure is obtained by measuring the C ␣ H, NH, and NC 1 dipolar couplings.
The fact that the metric method of Cross and Brenneman requires oriented samples restricts at present the application of this method to high molecular weight DNA, which can be drawn into fibers. 60 DNA oligomers can be magnetically oriented, 61 but a cholestric phase results which is not useful for the metric approach. We have recently shown that Ramachandran angles may be derived from the DQDRAWS spectra of polypeptides in which adjacent carbonyl C 1 carbons have been labeled with 13 C. 62 A similar experiment has been reported by Tycko and co-workers 63 who rely on spin diffusion to prepare two spin correlations. reported recently the determination of polymer secondary structure using double quantum powder patterns. Clearly, DQDRAWS and the methods described by Tycko et al. and Schmidt-Rohr have the potential to extract six times the structural information from a given spin pair ͑i.e., one distance and five Euler angles͒ than can be obtained by NMR techniques that only measure internuclear distance.
With regard to the view of the detailed structure of the TT segment of the DNA dodecamer, it is clear that DQDRAWS data can distinguish differences in base orientation that occur between canonical B-form DNA where the glycosidic bond angle is about Ϫ102°, and A-form DNA where is about equal to Ϫ155°. Crystal structures of DNA oligomers in B-form indicate however that can deviate markedly from Ϫ102°. In ͓d(CGCGAATTCGCG)͔ 2 for example, is observed to vary between Ϫ90°and Ϫ140°, with both T7 and T8 having values of about Ϫ128°, or just over a Ϫ25°deviation from canonical B-form. 65 Although small improvements in 2 occur for 20°-30°rota-tions of T8's glycosidic bond away from 102°, these small decreases are probably not significant at the signal-to-noise level that is observed in Fig. 11 .
It is reasonable to consider what errors might exist that compromise the structural interpretation of the DQDRAWS spectrum. Dipolar couplings to adjacent 14 N and/or 15 N spins may contribute to the double quantum side band intensities in DQDRAWS spectra of 13 C spins in heterocyclic rings. In the present study all nitrogen sites adjacent to 13 C spin labels were enriched with 15 N as described above. The dipolar coupling between directly bonded 13 C and 15 N spins is about 1200 Hz. In general this small dipolar interaction can be easily removed by applying a modest decoupling field to the 15 N spins. We found that in practice even if the 15 N decoupling field was not applied the DQDRAWS data still furnish mutual orientations of tensors in good agreement with control experiments. For example, both the 13 C6 and 13 C2 tensors on thymidine were oriented relative to molecule-fixed frames using, as described above, a combination of static powder pattern analysis and local field spectroscopy. The orientation of the 13 C4 tensor was derived using static powder pattern analysis and rotational resonance, as described above. The orientations of the C2, C4, and C6 tensors derived by these independent methods produced simulated Another source of concern is that the orientations of the CSA tensors of C4 and C6 relative to a frame fixed to the thymine ring in DNA and in thymidine monomer may differ to some degree. The properties of the C2 and C4 CSA tensors are of particular interest because variations of the orientations and principal values of carbonyl CSA tensors are well documented. For example, in a systematic study of carbonyl 13 C CSA tensors in a series of five glycyl-X dipeptides, the angle between the 11 element and the 13 C-15 N peptide bond axis was observed to vary from 34.5°to 46.6°, 66 or a total range of about 12°. A study by Takegoshi et al. 67 of the effect of intermolecular hydrogen bonding on the CSA tensors of carbonyl 13 C spins showed that downfield shifts of the 22 element by as much as 50 ppm may occur. This element was in fact observed to vary by almost 20 ppm in the glycyl-X series. 66 However, the 22 element of C4's CSA tensor, the value of which is known to be sensitive to local environment and hydrogen-bonding in particular, is virtually identical in DNA and thymidine monomer ͑data not shown͒, and the 11 and 33 elements appear to be virtually identical as well.
VI. CONCLUSIONS
In this paper we have used Floquet theory to describe the recoupling of the dipolar interaction of two spin-1/2 nuclei in an MAS experiment using the DRAWS pulse sequence. In particular, this analytical theory predicts the dipolar scaling of 0.36 and the relative insensitivity of the dipolar recoupling of DRAWS to offset. We have also shown that the combination of DQDRAWS and DRAWS can be used to determine the distance between two 13 C spins, the three Euler angles relating the two CSA tensors, and the two Euler angles orienting the internuclear vector in the PAS of either CSA tensor. Thus trigonometric functions of the Euler angles which specify the mutual orientation of two rigid bodies in a noncrystalline, unoriented polymer can be determined using only two spin labels.
We have considered in detail the manner in which the DQDRAWS spectrum can be interpreted to yield information on the local structure of unoriented, noncrystalline nucleic acids. In particular, three 13 C CSA tensors in 2Ј-deoxythymidine have been characterized and their mutual orientation determined using dipolar modulation and DQDRAWS. The results of this study are in agreement with the orientations determined using dipolar modulation, static powder pattern analysis, and rotational resonance, thus proving the validity of the DRAWS/DQDRAWS method.
At present the Euler angles which determine the mutual orientation of chemical shift tensors can be determined to about Ϯ5°from the spectra of small model compounds such as 2Ј-deoxythymidine. In larger macromolecules angular resolution is somewhat more limited, at least for the spin pairs studied to date in labeled DNA dodecamers. DQDRAWS data can distinguish differences in base stacking between the major structural forms of DNA, but small deviations from B-form, such as rotations of the glycosidic bond by less than 30°, cannot at present be determined with confidence in the DQDRAWS data of the 13 C4 and 13 C6 spins on adjacent pyrimidine rings in nucleic acid oligomers at magnetic fields of 9.4 T. Independent DRAWS measurements of the C2-C2, C5M-C5M, and C6-C1Ј distances between T7 and T8 in this same DNA dodecamer suggest the occurrence of deviations from B-form in this region. 68 We therefore anticipate that improvements in the sensitivity of the 13C4/13C6 DQDRAWS experiments, possibly achieved by repeating DQDRAWS experiments at higher magnetic field, and/or the acquisition of DQDRAWS data from other 13 C spins on the pyrimidine rings ͑i.e., 13 C2͒ will enable these small sequence-specific effects to be determined with confidence.
In principle, information on the stacking of n singly labeled pyrimidine and/or purine rings can be obtained from (nϪ1) DQDRAWS/DRAWS experiments. Although the DQDRAWS experiment described in this paper used pairwise labeling, the method can be generalized to a multiply labeled sample. Other possible applications of DQDRAWS include the determination of dihedral angles between 13 C CSA tensors in furanose rings in nucleic acids, and the determination of Ramachandran angles in polypeptides. This work is in progress. 
APPENDIX: PERTURBATION THEORY CALCULATION OF THE EIGENVALUES OF THE DRAWS FLOQUET HAMILTONIAN
To derive the DRAWS Floquet Hamiltonian we use the ficticious spin-1/2 operator notation introduced by Vega and co-workers. 30 We require an convenient expression for the Fourier expansion of the products. Using the function D (t)a z 12 (t) as an example and using the notation of Weintraub and Vega 29 we obtain for instance 
